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Introduction At Zenon, we focus on analysing

emerging technologies that may play a 

key role in the transition to a low-

carbon world. In that regard, analysing

the mechanisms of innovation and how 

they can be mobilised and adapted to 

the climate challenge is particularly

crucial for the climate tech ecosystem

to fulfil its ambitions.



3

• Innovation (technologique) : une définition
• Innovation et développement
• Climate Tech

Contents 1. Mechanisms

2. Transition

3. Perspectives

4. Example: solar PV

11

21

27

35



4

Chapter 16
Innovation, technology

development and transfer

Scope

This document presents a joint 

synthesis of two key reports by the IEA 

and the IPCC on the role of 

technological innovation in climate

change mitigation.
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… reduce GHG emissions

… remove CO2 from the atmosphere

… improve human adaptation to the impacts of climate change

Practices, technologies or economic models that…

A definition

Climate tech
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The climate tech ecosystem

A wide range of solutions 

in various activity sectors

and at diverse levels of 

maturity

Energy
renewable energy

nuclear power
grid infrastructure

energy storage
green hydrogen

energy management

Industry
low-carbon metallurgy

low-carbon chemicals

low-carbon cement

material efficiency

waste management

circular economy

Carbon
carbon dioxide removal

carbon capture, utilization and storage

GHG accounting

Buildings
heat pumps

smart devices

efficient urban spaces

Mobility &
Transport

batteries

hydrogen/fuel cells

micro-mobility

travel alternatives

low-carbon fuels

Food & Agriculture
energy efficient equipment

land use management

sustainable agricultural practices

urban farming

alternative foods
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« Process of generating ideas for new products or production processes and 

guiding their development all the way from the lab to their mainstream 

diffusion into the market. »

(International Energy Agency)

This document focuses primarily on technological 
innovation, but there are many other forms of 

innovation that can be non-technological, and 
hence imply slightly different definitions.

A definition

Innovation
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Innovation: a long run

1954
First practical silicon solar cell

Bell Labs (New Jersey, US)

2022
2.2 GW photovoltaic park

(Qinghai, China)

70 years

Solar PV
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Innovation: a long run

Wind energy

Bloomberg NEF
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Innovation: a long run

onshore wind

PV
onshore wind

PV

Over the last two decades, 

wind and solar PV have been 

deploying at speeds that 

exceeded all expectations – a 

combined result of strong 

government support, 

economies of scale, learning-

by-doing and continuous  

technological innovation.

Understanding this evolution 

can be particularly relevant to 

analyse clean technology 

innovation in the future.

IPCC 2022
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1. Mechanisms Innovation is a highly dynamic process. 

Many different innovation mechanisms

have been observed and studied. 

Characterizing the deployment of 

technologies and understanding how 

their inherent characteristics might lead 

to slower or faster innovation are key 

elements in analysing their perspectives 

for future evolution.
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The TRL scale

The TRL is an indicator commonly used by researchers, companies or investors 

that reflects the maturity of a technology at a given time.

The TRL scale (ranging from 1, the lowest level of maturity, to 9 for mature technologies) provides a

uniform base that allows to compare technologies that are very diverse. Given that technologies at

different development stages have different needs in terms of R&D, fundings or support policies, TRLs

can assist decision making, helping to manage risks or prevent premature application.

Technology Readiness Level (TRL)
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The TRL scale

The TRL scale presented here, 

along with some illustrative 

examples, is a version 

extended by the IEA to 

account for larger-scale 

implementation (levels 10 and 

11), which is often a crucial 

condition for clean (energy) 

technologies to reach their full 

mitigation potential.

IEA 2020
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The TRL scale

electric planes

ammonia-based shipping

cement decarbonization

electric vehicles (EVs)

electric trains

Some examples
The TRL scale presented here, 

along with some illustrative 

examples, is a version 

extended by the IEA to 

account for larger-scale 

implementation (levels 10 and 

11), which is often a crucial 

condition for clean (energy) 

technologies to reach their full 

mitigation potential.

IEA 2020
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Fostering innovation

Learning-by-
researching

Accumulation of knowledge by devoting R&D resources to 
the search for new ideas and their development into viable 
products and services.

Learning-by-
doing

Accumulation of knowledge from direct experience of 
undertaking the activity through repetition, trial, feedback.

Knowledge
transfers

Positive externalities that increase the rate of innovation in 
an area outside the target of the original innovative activity.

Economies of 
scale

Cost advantages reaped in manufacturing/installation 
when costs rise more slowly than the number of units of 
output – associated with mass production or larger size 
equipment.

Innovation mechanisms

The development of a 

technology can involve 

various innovation 

mechanisms, that result from 

of a combination of R&D 

efforts, political support, 

investments, international 

cooperation, etc.
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Fostering innovation

Technology-push

Innovation can be stimulated by 
increasing the supply of new knowledge
(for instance by increasing research 
funding or the supply of trained 
scientists). This lever is particularly 
important for early-stage technologies.

Demand-pull

Another way to drive innovation is to 
encourage the creation or expansion of a 
market, for instance by promoting
economies of scale or automation. Action 
on demand is more relevant in later
stages, when the technology has already
been able to develop.

Innovation drivers

At a more macro level, innovation and 

adoption of a technology can be 

fostered by either increasing research 

efforts, or acting on the market to drive 

demand up.
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Fostering innovation

Economic • R&D investments
• Subsidies (feed-in-tariffs, premia, public financing)
• Emissions trading schemes
• Carbon taxes
• Border carbon adjustments
• Government provision

Regulatory • Performance standards (codes, norms)
• Obligations (renewable energy share, efficiency)

Soft policy • Divestment, disclosure
• Voluntary agreements

Key instruments

A variety of policy and market 

instruments can be designed to 

foster the innovation mechanisms 

mentioned before, both on the 

supply and demand sides, and 

encourage the adoption of low-

carbon technologies.
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Innovation dynamics

The innovation s-curve

The deployment of a 

technology is often described 

as following an s-curve, where 

progress is slow in the early 

stages (emergence), until a 

tipping point (price parity) is 

reached. Adoption then grows 

massively, reinforced by 

several feedback loops (mass 

deployment), until the 

technology dominates the 

market (maturity).

RMI 2022, Taylor & Taylor 2012
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Innovation dynamics

Innovation is non-linear

Although the development of 

a technology is often 

conceptualized sequentially, in 

reality it involves a number of  

feed-back loops: a technology 

is the cumulative result of a 

series of incremental 

innovations, often with set-

backs and redesigns. 

Innovation is a process of trial 

and error – only a small share 

of technologies will actually 

develop into an actual market.
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Innovation dynamics: a visual summary

Grubler & Wilson 2014
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2. Transition Traditional innovation mechanisms have 

already contributed in the past to the 

deployment of clean technologies (PV, 

wind). Observing the current status of 

R&D, financial and government support 

directed towards emerging climate

technologies highlights various trends 

and provides insights regarding their

evolution perspectives.
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Global status of clean technology innovation

Government R&D funding

80% dedicated to 
low-carbon energy
technologies

Funding
programmes 
(Horizon Europe…)

USD 30 billion 
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Global status of clean technology innovation

Private sector R&D funding

40% increase of 
energy R&D 
spending 2009-2019

Strong lead by the 
automotive industry

USD 90 billion 
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Global status of clean technology innovation

Investments in climate tech start-ups

Private equity and 
venture capital 
can help the most
market-ready
technologies and 
support market
creation and 
upscaling

PwC 2021
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Innovation for transition?

Technological change is not 

exogenous to social and economic

systems: technology innovation will

impact and depend from other forms

of innovation and transformational

changes. Technological innovation can 

act as an action leverage by reinforcing

other interventions. For this, there is a 

critical need to rethink the direction of 

innovation.

Which role for innovation in climate action?

« Rapid, large-scale deployment of 
improved low-carbon technology is a 
critical component of accelerated 

mitigation pathways. »

(IPCC 6th Assessment Report, WGIII)

« Without a major acceleration in clean 
energy innovation, net-zero emissions targets 

will not be achievable. »

(IEA)
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renewable energies, 

steel recycling

electric vehicles, heat 
pumps, SMRs

CDR, new generation 
biofuels, Gen IV nuclear

CCS, synthetic fuels, 
green hydrogen

Innovation for transition?

Mature

Early adoption

Demonstration

Prototype

Adapted from IEA 2020, McKinsey 2020
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3. Perspectives Will climate technologies be able to 

deploy fast enough, and under which

conditions? What can slow down or 

accelerate their development?

What is needed to rethink innovation 

for effective climate action?
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Deployment speeds

The times to materiality

(moment when a 

technology reaches 1% of 

its market) observed in 

the past range between

20 and 70 years

depending on the 

technologies.

Historical observations
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Deployment speeds

In the future: faster development needed

In the IEA’s scenario, 

shorter-than-historical

development periods are 

required. They are 

expected to result from

stronger policy support, 

more efficient knowledge

exchange and continuous

learning – among other

factors. 
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Accelerated deployment: barriers and enablers

Systemic issues Changes in system architecture
Example: decentralization of electricity

Interactions between
multiple (sub)systems

Multiple systems in competition for the same resources
Example: heating and industry using the same sources

Industry decline Decline of existing industries
Example: facture closures

Consumers and social 
practices

Behavioural changes
Example: car ownership and usages

Coordination Increasing governance and policy complexity
Example: multi-level governance in the European Union

Not-learning-by-not-
doing

Skills and know-how getting lost
Example: nuclear power industry in France

Barriers

Innovation mechanisms 

can be hampered by a 

number of factors of 

different natures and at 

various scales.
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Accelerated deployment: barriers and enablers

Small size, modularity Enable faster installation
Example: batteries

Valuable services Multiple systems in competition for the same resources
Example: heat pumps

Subvariants Diversity of subvariants within a same technology
Example: battery chemistries

Replacement of 
hardware

Digital minimizes capital investment, cheap upgrading
Example: power grid management

Drop-in Introducing the technology directly in existing systems
Example: biofuels in combustion engines

Minimal dependence
on other technologies

Minimises risks of bottlenecks in R&D
Example: renewable energy and storage

Innovation ‘boosters’

In addition to the 

mechanisms detailed 

previously, innovation can 

be eased by some inherent 

properties of technologies, 

which can act as 

accelerators and further 

push their deployment.
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Systemic failures

Hard institutions: stop and go, misalignment

Soft institutions: legitimacy, opposition

Market structures: incumbent’s dominance

Capabilities: lack of knowledge/users/skilled staff

Knowledge infrastructure: wrong focus, knowledge gaps

Too weak interactions: individualistic entrepeneurs, lack of networks

Too strong interactions: strong dependence, no access to new entrants

Physical infrastructure: access to grid

Thinking in terms of innovation systems

Although this document focuses on 

technological innovation solely, the 

IPCC highlights the importance of 

having a systemic approach: a 

number of political or market failures 

can prevent technological innovation 

from succeeding and should be 

increasingly taken into account when 

evaluating the potential of a 

technology in terms of 

decarbonization.
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Thinking in terms of innovation systems

Well-performing systemic innovation

Market formation: customers, government policy

Resource mobilisation: human, financial inputs

Guidance of research: direct investments in innovation

Creation of legitimacy: counteracts resistance to change

Entrepreneurial activities: translate new knowledge into real-world application

Knowledge development: learning-by-doing/learning-by-researching

Development of external economies: other interests

Although this document focuses on 

technological innovation solely, the 

IPCC highlights the importance of 

having a systemic approach: a 

number of political or market failures 

can prevent technological innovation 

from succeeding and should be 

increasingly taken into account when 

evaluating the potential of a 

technology in terms of 

decarbonization.
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5 key principles to accelerate clean technology innovation

Prioritise, track, adjust

Raise public R&D and market-led private innovation

Address all the links in the value chain

Build enabling infrastructure

Work globally for regional success

1

2

3

4

5
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4. Example:

The evolution of solar photovoltaics in 

the last decades provides a good 

example of the various aspects of 

innovation dynamics detailed through

the document.

Solar PV
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Solar PV: a brief timeline

Breakthrough: first solar cells in the Bell Labs (US, 1954)1950s

1970s

1980s

1990s

2000s

Public procurement, formation of skilled scientists
Development of space solar (for powering satellites)

Creation of electronic conglomerates (Japan), spill-overs
Creation of the first niche markets

First rooftop PV subsidy programme (1994)

Introduction of feed-in-tariffs (Germany, 2000)
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An example: solar PV

Innovation ‘boosters’

Several of the innovation accelerators identified before are found to have played a role in 

the development of solar PV, such as:

• Spillovers from the semiconductors industry

• Modularity and small unit size, in favour of widespread and decentralized deployment

• Diversity of subvariants (silicon PV, perovskites… at different levels of maturity)

• Various applications

Kavlak et al. 2018
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Innovation mechanisms in PV deployment

EOS: economies of scale

LBD: learning-by-doing

IEA 2020, Kavlak et al. 2018
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Transitioning to net zero

Among other

factors, innoavtion

has helped clean 

energy

technologies to 

deploy at very fast 

rates in the last 

decades, especially

compared to long-

term evolution of 

fossil fuels.

Way et al. 2022
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Transitioning to net zero

Although much effort is still

required to fully decarbonize the 

global energy mix, clean energy

technologies are among the most

mature climate technologies. 

Innovation in less advanced

technologies can benefit massively

from this experience in innovation 

and upscaling, and contribute to 

fully decarbonizing other sectors

(industry, long-distance 

transportation, agriculture…).

Energy Transitions Commission 2019
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Key takeaways

• Clean technologies are evolving fast in all sectors

• Technology innovation will be necessary to reach net zero targets

• Technology will act as a leverage for other actions

• Rethinking innovation and innovation processes is key to adapt and 

direct it towards effective decarbonization of human activities

• Following a systemic approach including all possible synergies and 

trade-offs will be key
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